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ABSTRACT
Soils exhibit spatial variability in their properties. One approach

for delineating field-scale variability involves mapping the variation
in apparent soil electrical conductivity (ECa). The objectives of this
study were to evaluate the physical and chemical soil characteristics
that define ECa classification and the association of specific soil mi-
crobiological communities with these soil properties. In May 2003,
ECa was measured in a field in Buffalo County, Nebraska, and pro-
cessed to create four ECa zones based on ranges of horizontal and
vertical ECa measurements using unsupervised classification. Soil
properties (0–90 cm) that showed higher correlations with vertical
ECa included total C (r 5 0.87), clay (r 5 0.83), total dissolved solids
(r 5 0.68), and depth of topsoil (r 5 0.70). These properties influence
soil water availability in this field. Soil microbial groups were cor-
related with different soil C fractions in the 0- to 15-cm depth and were
similar across ECa zones. Bacterial (r 5 0.85) and actinomycetes (r 5
0.71) biomarker concentrations were more highly correlated with fine
particulate organic matter (POM) than coarse POM (bacteria r5 0.69
and actinomycetes r 5 0.48). In contrast, fungal (r 5 0.77) and my-
corrhizal (r 5 0.48) biomarker concentrations were correlated only
with coarse POM. Given current knowledge of the spatial distribution
of POM and aggregates, we hypothesize that microorganisms are also
spatially distributed and that fungal groups are closely associated with
coarse POM early in the growing season.

SUCCESSFUL IMPLEMENTATION of site-specific manage-
ment requires an understanding of how variation

in physical and chemical soil properties affects nutrient
and water availability and ultimately crop production
in a field. Intensive soil sampling may provide the nec-
essary information on soil fertility, water retention ca-
pacity, and other relevant soil properties that define
potential productivity, but this approach is expensive
and labor intensive (Kitchen et al., 1999). Apparent soil
electrical conductivity (ECa) sensors have been used for
delineating soil variability. Soil ECa is affected by sa-
linity, texture, cation exchange capacity, and moisture
content (Rhoades and Corwin, 1990). Soil classification

using ECa provides an effective basis for delineating
interrelated physical, chemical, and biological soil attri-
butes important to crop productivity and ecological sus-
tainability (Kitchen et al., 1999; Johnson et al., 2001;
Wienhold and Zhang, 2001; Eigenberg et al., 2002).
Measurements of ECa are a good estimate of topsoil
thickness and may be used to diagnose potential rooting
and water-related problems affecting crop production
(Kitchen et al., 1999).

Spatial variability in crop production within a field
may affect soil biota through variation in crop residue
production. Soil properties are also influenced by the
diverse physical and chemical properties of organic
matter (OM) in soil (Baldock and Nelson, 1999). Soil
OM provides the chemical energy and nutrients for soil
microorganisms. As crop residue decomposes, the result-
ing soil OM contributes to ion exchange, soil structural
stability, water retention, and soil thermal properties
important to soil resilience. Each pool of soil OM con-
tributes differently to these various functions (Baldock
and Skjemstad, 1999). Particulate organic matter (POM)
consists of partially decomposed plant residues and
forms the first intermediate pool in the decomposi-
tion process between crop residue and humified OM
(Gregorich and Janzen, 1996). The extent to which OM
progresses through the different stages of decomposi-
tion depends on the presence of protection mechanisms
capable of enhancing biological stability (Baldock and
Skjemstad, 2000). The decomposition of plant residues
and the dynamics of POM are directly related to soil
aggregate formation and C stabilization in relatively
undisturbed systems (Gale et al., 2000). Long term
studies showed that the amount of plant C retained in a
soil was proportional to soil clay content (Ladd et al.,
1985) and the mean residence time was also correlated
with the specific surface area of the soil minerals (Saggar
et al., 1996). The presence of clay particles in soil pro-
vides the surface area onto which OM may be adsorbed
(Baldock and Skjemstad, 2000) and may also provide
protection for microorganisms (Skene et al., 1996). In a
recent study, the stabilizing effect of clay on soil micro-
bial biomass was even greater than that for humus
(Müller and Höper, 2004). In addition to clays, mul-
tivalent cations and other nutrients affect the biological
stability of OM in soils (Oades, 1988; van Veen et al.,
1989; Nelson et al., 1996; Baldock and Skjemstad, 2000).

Soil microbial communities respond to changes in the
soil environment. Drijber et al. (2000) compared soil
microbial communities in soils under mixed prairie sod
with those in soil cropped to wheat or left fallow. They
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found that during the wheat cycle the composition of the
soil microbial community was influenced mostly by
inputs from wheat, whereas during fallow it responded
to physicochemical differences in the soil resulting from
tillage. Zymogenous microorganisms (opportunists that
grow immediately after the addition of a readily decom-
posable organic substrate) feeding on easily decom-
posable OM may adapt quickly (within days) to the
availability of substrate (Müller and Höper, 2004).
Degens (1998) determined that microbial functional
diversity in soils, measured as catabolic potential, was
influenced by the addition of different types of organic
C. Beare et al. (1992) concluded that when plant residue
is incorporated into the soil, microenvironments are
created that can strongly influence the composition of
decomposer communities by changing the amount and
the distribution of substrates and consumers. Thus, se-
lected groups of soil microorganisms are likely to govern
the transformations of the different labile OM pools,
and the rate at which each OM pool responds to changes
in management or other perturbations varies consider-
ably between soil types and according to the nature of
the organic inputs (Bending et al., 2000).
Soil microbial communities influence nutrient cycling

and aggregation processes, although it is important to
determine to what extent environmental and edaphic fac-
tors govern microbial communities. Phospholipid fatty
acid profiles showed differences in community compo-
sition that were consistent with differences in organic C
input under organic and conventional systems (Bossio
et al., 1998). They also found that soil type was the most
important determinant of microbial communities due
to the influence of clay content and aeration. Schutter
and Dick (2000) found that fatty acid methyl esters
(FAMEs) profiles were able to separate soils differing in
texture and total organic C content. The objectives of this
study were to identify the soil physical and chemical
properties influencing ECa in this field and to determine
whether variation in these properties influenced the
composition of soil microbial communities.

MATERIALS AND METHODS

Experimental Site

The field study was conducted during 2003 near Shelton NE
(408459010 N, 988469010 W). Soils at the site are Hord silt loam
(Fine-silty, mixed mesic Pachic Argiustoll, 0–1% slope) and a
Blendon loam (Coarse-loamy, mixed mesic Pachic Haplustoll,
0–1% slope). The Hord series are soils developed on loess-
capped alluvial stream terraces of the Platte and Wood River
valleys, formed in silty alluvium or in loess. The Blendon series
are soils formed on stream terraces along the Platte and South
Loup Rivers. They are underlain by mixed sand and gravel
along the Platte River and by medium and coarse sand along
the South Loup River. Land leveling activities were performed
on portions of the field around 1960 to facilitate furrow irriga-
tion (J.S. Schepers, personal communication, 2005). Continu-
ous corn (Zea mays L.) has been cropped since 1990 under
conventional disk-tillage with furrow irrigation and since 1996
under disk and row cultivation with sprinkler irrigation. Be-
fore planting 168 kg N ha21 as urea ammonium nitrate solution
was incorporated with a field cultivator. Corn (Pioneer 31B51)

was planted on 16May 2003 with 13.1 kg N ha21 and 19.46 kg P
ha21 as diammonium phosphate applied adjacent to the seed.
Stand density was 71605 plants ha21, and field average yield
was 12.9 Mg ha21 at 155 g kg21 moisture content.

Field Mapping

In May 2003, ECa was measured with an EM 38 dual di-
pole conductance meter (Geonics Ltd., Mississauga, Ontario,
Canada) pulled behind an all-terrain vehicle. Data were
logged in vertical mode (|0–90 cm) and horizontal mode
(0–30 cm) at 1-s intervals (every 2 m) and georeferenced using
a differential global positioning system receiver (Trimble
Navigation, Sunnyvale, CA) mounted near the EM38 sensor.
The data collected in this 7.3-ha field were processed using
ERDAS Imagine (ERDAS Inc., Atlanta, GA) to create four
ECa classes based on ranges of EC measurements using un-
supervised classification (ERDAS, 1997) (Johnson et al., 2001).
Briefly, unsupervised classification identifies statistically simi-
lar clusters and combines them into classes (Fig. 1, Table 1).
Six locations in each ECa class were randomly selected for
soil sampling.

Soil Sampling and Analysis

Soil samples were collected during the V6 stage of corn
(Ritchie et al., 1997) on 20 June 2003. Ten soil cores (2-cm
diam., 0- to 15-cm depth) were randomly taken from the fur-
row at each location in an area of 6 m2 (Fig. 1). The composite
soil samples were transported in a cooler to the laboratory and

Fig. 1. Four ECa classes and location of sampling sites (circles) in each
class at the Buffalo Co., NE study site. : 19–20 dS m21; : 21–22
dS m21; : 23–25 dS m21; : 28–35 dS m21.

Table 1. Range of values of ECa vertical and horizontal readings,
topsoil depth, and variables studied in the 0- to 90-cm depth.

Class ECav ECah
Topsoil
depth Bray P

Clay
content TDS TC TN

dS m21 cm kg ha21 Mg ha21

I
Max 20 15 45 716 2031 2.0 131 15
Min 19 14 35 78 1474 1.7 107 13

II
Max 22 17 42 139 2290 2.5 146 16
Min 21 16 28 40 1482 1.8 88 11

III
Max 25 20 55 236 2561 2.5 165 17
Min 23 19 30 28 1722 2.0 116 13

IV
Max 35 26 62 328 2922 3.1 204 19
Min 28 22 37 33 2183 2.1 167 16

Bray P5 extractable P; ECa(h)5ECa horizontal readings; ECa(v)5ECa
vertical readings; TC5 total C; TDS5 total dissolved solids; TN5 total N.
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passed through a 4-mm sieve to remove visible organic resi-
dues, thoroughly mixed, and divided in two subsamples. One
subsample was stored at 2208C for microbial biomass and
fatty acid analysis. The other subsample was passed through
2-mm sieve, air-dried, and analyzed for clay content (Kettler
et al., 2001), total OM and POM (0.05–2 mm) by weight loss-
on-ignition (Cambardella et al., 2001), total C, and N analyzed
with a Carlo Erba NA 100 (CE Elantech, Lakewood, NJ)
(Schepers et al., 1989), pH, and electrical conductivity (EC(1:1))
in 1:1 soil/water slurry (Smith and Doran, 1996). NO3–N was
determined by a commercial laboratory (Brown, 1998). Soil
bulk density was determined by dividing the oven dry weight
of the soil by the volume of the sample before sieving. Bulk
density was similar among ECa classes and the average value
of 1.28 Mg m23 was used to convert the concentration data to
volumetric data.

After harvest, a soil core (5-cm diam., 0–90 cm) was col-
lected from the center of each location using a truck-mounted
hydraulic soil sampler. Topsoil depth was defined as the depth
from the surface to the first change of soil color. Carbonate
depth was determined by dropping a 10% hydrochloric acid
solution on the soil core and measuring the distance from the
soil surface to where effervescence occurred. No effervescence
was observed in any of the cores. The sample was divided in
four sections: 0 to 15, 15 to 30, 30 to 60, and 60 to 90 cm. Soil
particle size, Bray P, EC(1:1), total C, and N of each depth in-
crement were determined on air-dried, 2-mm sieved soil sam-
ples using methods described previously. Total dissolved solids
(TDS) were estimated by multiplying the EC(1:1) at 258C (dS
m21) value for each depth interval by 0.64 and summing these
values to obtain a TDS value for the 0- to 90-cm depth (Smith
and Doran, 1996).

Quantification, Identification, and Classification
of FAMEs

Microbial biomass was determined as extractable lipid P on
duplicate 1-g samples using perchloric acid digestion and de-
termining the released phosphate by the method of Bartlett
(Kates, 1986) and reported on dry weight soil basis. Microbial
community structure was based on extraction of total FAMEs
by mild alkaline hydrolysis. This process does not methylate
free fatty Acids, but only ester-linked fatty acids (Kates, 1986;
Grogan and Cronan, 1997). Briefly, 10-g soil samples were
hydrolyzed using freshly prepared 0.2 M potassium hydroxide
in methanol, and the resulting FAMEs were partitioned into
hexane (White et al., 1979). After saponification to release ester-
linked FAMEs, methyl-nonadecanoate (0.05 mg mL21) was
added to the extract as an internal standard. Released FAMEs
were separated by gas chromatography, using helium as a
carrier gas, and an Ultra 2 HP (50 m, 0.2 mm i.d., 0.33 mm film
thickness) capillary column. The gas chromatograph was run
in split mode (44:1) with a 0.75-min purge time. Injector and
flame ionization detectors were maintained at 2808C and
3008C, respectively, and oven temperature was ramped from
50 to 1608C at 408C min21 and held for 2 min, then ramped at
38C min21 to 3008C and held for 30 min. The fatty acids were
identified by retention-time and confirmed by mass spectrom-
etry. Concentrations of FAMEs were calculated from peak
areas and reported as nmol g21 soil.

Fatty acids were designated as the total number of C atoms
followed by a colon, and the number of double bonds followed
by the position of the double bond from the carboxyl end of
the molecule and its cis or trans configuration (IUPAC-IUB,
1987). The prefixes a and i indicate antieso and iso branching,
respectively; cy indicates cyclopropane fatty acids, br indicates
an unknown branch position, and 10Me indicates a methyl

branch on the 10th C atom from the carboxyl end of the
molecule. A total of 41 FAMEs were detected and identified.
Those selected to represent bacterial markers were iC15:0,
aC15:0, C15:0, iC16:0, iC17:0, aC17:0, C17:0, cyC17:0, cyC19:0,
and C16:1cis7. Frostegård and Bååth (1996) recommend the
use of several bacterial fatty acid markers because this is
likely to produce less variable results than the use of only one
marker. The markers selected to represent actinomycetes were
i10MeC18:0 and 10MeC18:0 (Kroppenstedt, 1985). Fungal
biomarkers was represented by C18:2cis9,12 (Stahl and Klug,
1996), and arbuscular mycorrhizal biomarkers were repre-
sented by C16:1cis11 (Olsson and Johansen, 2000).

Statistical Analysis

Relationships between crop and soil components and ECa
class were assessed by ANOVA for a complete randomized
design with vertical and horizontal ECa class (identified using
unsupervised classification) as treatment factors (Johnson
et al., 2001). Analysis of variance was also performed to test
for differences in physical and chemical soil properties among
ECa classes. Pearson correlation analysis was conducted to
assess the linear association between ECa sample means for
each location and soil physicochemical and microbiological
properties. All statistical analyses were performed using SAS
(SAS Inst., 1999), and differences were declared significant at
the 0.05 level unless stated otherwise.

RESULTS AND DISCUSSION
Relationship of ECa Class to Soil Properties in the

0- to 90-cm Depth
The range of vertical and horizontal ECa measure-

ments and soil physicochemical properties are shown
in Table 1. Of the physical and chemical soil proper-
ties measured, we found that clay content in Class I was
lower than that observed in Class III and IV (Fig. 2a).
Topsoil depth was similar for Classes I, II, and III and
greater in Class IV. The increase in ECa was correlated
with the amount of clay and depth of topsoil; however,
the correlation coefficient between ECa and total clay
was higher (Table 2). Total C content (and N, data not
shown) followed the pattern of clay content in this
profile (Fig. 2c) being largest in Class IV followed by
Class III and smallest in Classes I and II. Total dissolved
solids were lowest in Class I and largest in Class IV
(Fig. 2d).

Horizontal and vertical ECameasurements were highly
correlated with clay, organic C content, TDS, and topsoil
depth in the 0- to 90-cm samples (Table 2). Bray P was
associated with vertical ECa but not with horizontal
readings. Depth of topsoil was positively correlated with
clay and C content. Bulk ECa readings integrated many
soil properties and seem to be a useful tool for the de-
lineation of overall soil condition (Johnson et al., 2001).
The correlation among clay, total C, TDS, depth of top-
soil, and ECa may represent soil properties affecting
water availability to the crop. Previous studies indicated
that in the central Great Plains, vertical ECa was driven
by soil water content, solids in the soil solution, and clay
content at the 0- to 90-cm depth and correlated with soil
water-holding capacity (Johnson et al., 2003b). Similarly,
Auerswald et al. (2001) used multivariate regression to
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determine the relationship among ECa and a number of
soil properties and found that clay content, EC(1:1), and
water content explained 84% of the variability observed
in ECa.

Relationship of ECa Class to Soil Properties in the
0- to 15-cm Depth

Although ECa seems to integrate soil properties over
depth, management impacts are usually most evident in
the surface soil layer. The physical, chemical, and bio-
logical soil parameters evaluated to characterize the sur-

face layer (0–15 cm) of this field are presented in Table 3.
Soil pH was similar among the ECa classes with a mean
value of 6.7 (p5 0.57). Simple correlation coefficients of
spatially varying soil properties provide the first level of
information needed to determine what factors covary
with ECa. Horizontal and vertical ECa measurements
were positively correlated with Bray P and TDS mea-
sured in the laboratory and were negatively correlated
with mycorrhizal fungal biomarker concentration. No
significant correlations were observed between ECa and
total C, fine and coarse POM, and clay content in this
surface layer (Table 3). However, there was a significant

Table 2. Correlation matrix for grain and stover yield, soil physical, and chemical properties (0–90 cm).

ECa(v) ECa(h) Grain Stover Bray P Depth TC Clay TDS

ECa(v) 1
ECa(h) 0.98** 1
Grain 0.30 0.27 1
Stover 0.62** 0.61** 0.54** 1
Bray P 20.33 20.43* 20.13 20.24 1
Depth 0.70** 0.63** 0.30 0.65** 0.10 1
TC 0.87** 0.88** 0.23 0.75** 20.28 0.69** 1
Clay 0.83** 0.81** 0.17 0.61** 20.34 0.66** 0.84** 1
TDS 0.68** 0.71** 0.13 0.38 20.29 0.32 0.59** 0.55** 1

Bray P 5 extractable P; Depth 5 topsoil depth; ECa(h) 5 ECa horizontal readings; ECa(v) 5 ECa vertical readings; TC 5 total C; TDS 5 total dissolved
solids.
*Correlation between measured attributes significant at the 0.05 level.
**Correlation between measured attributes significant at the 0.01 level.

Fig. 2. Apparent electrical conductivity (ECa) classes and (a) clay content (0–90 cm), (b) total C (0–90 cm), (c) topsoil depth, and (d) total dissolved
solids content (0–90-cm). Bars followed by the same letter within ECa classes are not significantly different (p, 0.05). Error bars represent6 one
standard error of the mean.
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relationship observed between total C, POM, lipid P,
and the individual microbial pools (fungi and bacteria
biomarker concentrations) (Table 3).

Total C (Fig. 3b) and the different fractions of POM
(Fig. 3d) in the 0- to 15-cm depth followed the same
distribution as clay content (Fig. 3a) with an increase in

Table 3. Correlation matrix for grain and stover yield and for soil physical and chemical properties (0–15 cm).

ECa(v) ECa(h) Grain Stover Clay Db TDS TC N-NO3 Bray P CPOM FPOM Lipid P Bact Actin Myco Fungi

ECa(v) 1
ECa(h) 0.98** 1
Grain 0.30 0.27 1
Stover 0.62** 0.61** 0.54** 1
Clay 0.25 0.30 20.16 0.29 1
Db 20.33 20.36 0.21 20.16 20.70** 1
TDS 0.43* 0.45* 20.11 0.15 0.56** 20.61** 1
TC 0.26 0.30 0.0 0.21 0.85** 20.63** 0.58** 1
N-NO3 0.12 0.14 20.01 20.09 0.12 20.23 0.61** 0.24 1
Bray P 0.79** 0.81** 0.17 0.65** 0.37 20.42* 0.56** 0.27 0.17 1
CPOM 20.60 20.2 20.24 20.18 0.21 20.21 0.30 0.50* 0.38 0.0 1
FPOM 0.28 0.33 20.13 0.07 0.51* 20.62** 0.54** 0.53** 0.17 0.43* 0.47* 1
Lipid P 0.27 0.34 20.22 0.08 0.66** 20.66** 0.65** 0.72** 0.30 0.46* 0.67** 0.87** 1
Bact 0.22 0.29 20.13 0.10 0.68** 20.59** 0.61** 0.73** 0.28 0.40† 0.69** 0.85** 0.96** 1
Actin 0.11 0.18 20.25 20.40 0.74** 20.61** 0.71** 0.72** 0.40† 0.34 0.47* 0.71** 0.82** 0.88** 1
Myco 20.45* 20.43* 20.29 20.57** 0.06 0.06 20.07 0.18 0.17 20.53** 0.48* 0.25 0.29 0.37 0.34 1
Fungi 20.37 20.37 20.31 20.50* 0.0 20.04 0.21 0.24 0.46* 20.35 0.77** 0.25 0.43* 0.44* 0.35 0.74** 1

Actin 5 actinomycetes markers (i10MeC18:0, 10MeC18:0); Bact 5 bacterial markers (iC15:0, aC15:0, C15:0, iC16:0, iC17:0, aC17:0, C17:0, cyC17:0,
cyC19:0,C16:1cis7); Db 5 bulk density; Bray P 5 extractable P; CPOM 5 coarse particulate organic matter (0.5–2 mm); ECav 5 ECa vertical readings;
ECah5 ECa horizontal readings; FPOM 5 fine particulate organic matter (0.053–0.5 mm); Fungi 5 fungal marker (C18:2cis9,12); Lipid P5 total microbial
biomass; Myco 5 mycorrhizal marker (C16:1cis11); TC 5 total C, TDS 5 total dissolved solids.
*Correlation between measured attributes significant at the 0.05 level.
**Correlation between measured attributes significant at the 0.01 level.
†Correlation between measured attributes significant at the 0.06 level.

Fig. 3. Apparent electrical conductivity (ECa) classes and (a) clay content (0–15 cm), (b) total C (0–15 cm), (c) extractable P (0–15 cm) and (d) total
and fine POM (0–15 cm). Bars followed by the same letter within ECa classes are not significantly different (p , 0.05). Error bars represent 6
one standard error of the mean.
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ECa Class III. In contrast, Bray P in the 0- to 15-cm
depth (Fig. 3c) followed the same trend as the 0- to 90-cm
variables. Thus, among the physical, chemical, and bio-
logical soil properties in the 0- to 15-cm depth, clay con-
tent seemed to influence the size of the C pools of this
stratum. The amount of clay in this surface layer in-
creased as ECa increased for the first three ECa classes
but was less than expected in ECa IV likely due to land
leveling activities altering texture in this part of the field
(Fig. 3a). This resulted in no correlation between ECa
and clay content in the 0- to 15-cm depth (Table 3).
Mueller et al. (2003) found stronger correlations for
horizontal than for vertical ECa measurements with
chemical soil properties, clay content, and volumetric
water content. These authors found that deep EC read-
ings were similarly affected by the variability in ECa at
the surface (0–30 cm) and subsurface (30–90 cm) layers.
Our results also showed a high correlation between
horizontal and vertical ECa (Table 2); however, there
was dissimilar pattern in clay and C distribution with
ECa class when comparing the 0- to 90-cm and 0- to
15-cm depths (data not shown). The different response
of ECa to soil characteristics reported by Mueller et al.
(2003) may be due to differences in parent material and
soil water content in that study.
Fine POMwas negatively correlated with bulk density

and positively correlated with TDS, total C, and Bray P,
whereas coarse POM was somewhat correlated with
NO3–N (r5 0.38, p5 0.07) (Table 3). These results may
indicate a linkage with crop biomass production, size of
the POM fraction, and fertility status of this soil. The
relationship between POM and chemical soil properties
important to OM cycling include deposition of plant
residues and roots (coarse POM) and microbial residues
produced during decomposition (Baldock and Skjemstad,
2000). Fine POMwas also correlated with the amount of
clay, and this relationship is likely determined by the
amount of fine mineral particles in the surface layer and
the physical and chemical protection of different C pools
by clay particles (Baldock and Nelson, 1999). Wander
and Bollero (1999) found that POM was the most sensi-
tive indicator of soil management practices contributing
to soil quality in Illinois. They also found that biological
and physical aspects of soils were the properties most
altered by agronomic practices. Under dryland con-
ditions, Johnson et al. (2001) found that POM, total C,
and microbial biomass C were negatively correlated with
ECa measurements.
Bray P increased as ECa readings increased (Fig. 3c

and Table 3). An aerial photo used in the soil survey
(Buller et al.,1974) showed that the portion of the field
that comprises ECa Class IV was segregated by fenc-
ing under different management. Specific management
practices for this part of the field are not known, but
manure applications or different fertilizer practices than
the rest of the field may explain the differences. Heiniger
et al. (2003) attributed part of the success of using ECa
to measure P concentration in the field to salinity im-
parted by manure. Furthermore, ECa maps were able
to differentiate rates of compost, manure, and commer-
cial fertilizer additions to a corn field (Eigenberg and

Nienaber, 1998). Others have correlated ECa to till-
age and cropping patterns (Clay et al., 2001; Johnson
et al., 2003a).

Grain and stover yield were correlated variables.
Vertical and horizontal ECa and Bray P (0–15 cm) were
correlated with stover yield (Table 3). Stover production
increased as vertical ECa increased (Stover 5 3.58 1
0.11 ECa; r 2 5 0.38; p, 0.001). However, there were no
differences among classes in grain production (mean
8.5 Mg ha21). The lack of a correlation between grain
yield and ECa may be related to the high availability
of water in this irrigated corn field. Under dry land con-
ditions, Kravchenko et al. (2003) found that in years
with optimum precipitation, grain yield and EC were
not correlated.

Relationship of Microbial Biomarkers to
Particulate Organic Matter

Lipid P, which is indicative of soil microbial biomass,
was higher in ECa Classes III and IV than in Classes I
and II (Fig. 4a). At this early growth stage of the crop
(V6 stage), total microbial biomass in the furrow en-
vironment seems to be driven by bacterial biomarker
concentration (r 5 0.96) (Fig. 5). Bacterial and acti-
nomycetes biomarker concentrations were highly corre-
lated (r 5 0.88) and increased with increasing ECa
(Fig. 4b and 4c), although not significantly in all cases,
mirroring that of clay and total C in this surface soil
layer. Schutter et al. (2001) studied the soil microbial
response to soil type, seasonal changes, and soil manage-
ment using FAMEs. They found that FAMEs profiles
were correlated with soil texture, cation exchange capac-
ity, and C content in early spring. Fungal and mycorrhi-
zal biomarker concentrations were not different among
ECa classes (Fig. 4d), although mycorrhizal biomarker
concentration was negatively correlated with horizontal
and vertical ECa readings (Table 3). Mycorrhizal bio-
marker concentration was negatively correlated with
ECa values (Table 3), but mean values were similar
across ECa classes (Fig. 4d). Fine POM was highly cor-
related with bacterial and actinomycetes biomarkers,
whereas coarse POM was highly correlated with fun-
gal biomarker concentration and to a lesser extent with
actinomycetes, bacterial, and mycorrhizal biomarkers
(Fig. 5). Similarly, several fungal biomarkers (C18:2cis9,12
and 18:3cis6,9,12) were enriched in soils after the in-
corporation of winter cover crops, suggesting that the
addition of these residues was important for stimulating
or maintaining fungal populations over time (Schutter
et al., 2001).

The positive correlation between coarse POM and the
soil microbial biomarkers (Table 3, Fig. 5) suggests that
fungi, bacteria, and actinomycetes use coarse POM as a
source of C. Coarse POM is mainly comprised of plant
residues but may contain seeds and microbial structural
components, such as fungal hyphae and spores (Dalal
and Mayer, 1986a, 1986b; Oades et al., 1987), indicating
an early stage of decomposition and a microbial con-
tribution, mostly fungal, to this coarse fraction (Six et al.,
2001, 2004). Baldock and Skjemstad (2000) used nuclear
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magnetic resonance to analyze the structure of POM
and found that it is dominated by O-alkyl structures,
such as polysaccharides, which are typically found in
fresh plant and microbial tissues. They identified these
organic compounds as being preferentially used by soil
microorganisms: a decrease in particle size being associ-
ated with the accumulation of more chemically recalci-
trant structures in the 2- to 20-mm size fraction. As plant
residues decompose, lignin-degrading fungi are essential
to continued decomposition; however, some bacteria
can modify the nature of functional groups attached
to lignin exposing more labile structures (Baldock and
Skjemstad, 2000). Thus, the relationship among soil
microbial biomass and the different fractions of POM
reflects the decomposition dynamics and stability of C in
the ecosystem. Our results indicate that fungal groups
are closely associated with coarse POM early in the
growing season.
Fine POM was correlated with clay content, but the

coarse POM fraction was not (Table 3). This supports an
intimate association between fine POM and the mineral

fraction in this soil that enhances stabilization of soil C
(Ladd et al., 1985). This protection of soil C may also be
afforded through the process of aggregation. Golchin
et al. (1994) suggested that during the transformation of
free C into intra-aggregate light C, there is a selective de-
composition of easily decomposable carbohydrates (e.g.,
O-alkyl C) and preservation of more recalcitrant long-
chained C (e.g., alkyl C). During this process, POM is
reduced in size and gradually becomes encrusted with
clay particles and microbial products to form micro-
aggregates (Golchin et al., 1994). Bacteria may be
occluded inside these aggregates, protected from pre-
dation, and linked to this pool of POM, which is less
accessible to fungal biomass. Our results support the
association of bacterial and actinomycetes biomarkers
with the fine POM fraction (Fig. 5, Table 3) indicating
that pools of protected C with a slower decomposition
rate might be preferentially colonized by bacteria in-
stead of fungi.

The mycorrhizal marker was negatively correlated
with Bray P in this surface layer (Table 3). Spore germi-

Fig. 4. Apparent electrical conductivity (ECa) classes and biological soil properties in the 0- to 15-cm depth. (a) Total microbial biomass measured as
lipid P; (b) Bacteria5 bacterial markers (iC15:0, aC15:0, C15:0, iC16:0, iC17:0, aC17:0, C17:0, cyC17:0, cyC19:0,C16:1cis7); (c) Actinomycetes5
actinomycetes markers (i10MeC18:0, 10MeC18:0); and d) Fungi 5 fungal marker (C18:2cis9,12) and Mycorrhizae 5 mycorrhizal marker
(C16:1cis11). Bars followed by the same letter within ECa classes are not significantly different (p, 0.05). Error bars represent 6 one standard
error of the mean.
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nation and hyphal growth of mycorrhizal fungi is known
to be heavily dependent on the availability of soil P
(De Miranda and Harris, 1994); thus, mycorrhizal bio-
mass decreased as the availability of P increased in the
surface soil. Because we collected samples in the furrow
environment, our study would reflect remnants of the
previous year’s mycorrhizal network and any new hy-
phae formed at this early growth stage. Although my-
corrhizal fungi are important for plant P uptake, the
significance of this role under the high fertility status of
this system is uncertain.
In conclusion, ECa classes were defined by the amount

of clay, organic C, and TDS in the 0- to 90-cm depth and
by the depth of topsoil. EC was an effective tool to iden-
tify soil sampling sites that represent diverse soil physi-
cochemical properties. Soil properties measured for the
shallow depth were not highly correlated with ECa,
except for TDS and Bray P. Soil physicochemical char-
acteristics evaluated in the 0- to 15-cm layer are influ-
enced by management practices and prior history of this
field. Soil microbial biomass was related to total C and
clay content in this surface layer. However, inherent soil
chemical and physical properties in the 0- to 90-cm
depth influenced potential production of corn dry mat-
ter; hence, the amount of corn residue returned to the
soil. Over time, greater residue inputs in ECa IV should
result in increases in OM and microbial biomass. Thus,
soil biological properties in the surface layer are ex-

pected to correlate more strongly over time with ECa
class. Soil microorganisms play important roles in resi-
due decomposition, nutrient cycling, and maintenance
of soil structure. Thus, knowledge of their spatial vari-
ability will lead to improved management of spatially
variable fields.
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